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An Investigation Of Two Microburst Producing Storms
Using A Microburst Recognition Algorithm!

David Richard Eversole
National Weather Service Office
Kansas City, Missouri

ABSTRACT

A review of the history of the microburst, complete with current achievements, is given.
Two microbursts are investigated and associated precursors were extracted with the use of a
microburst recognition algorithm. The precursors were then used to determine the forcing
mechanisms for the microbursts. The structure of the microbursts and the timing of the precur-
sors were compared and contrasted with each other and also with a moderate reflectivity model,
and differences are discussed. One microburst was initiated by a misocyclone which created
vertical pressure gradients, while the other microburst was initiated by precipitation drag. All
five precursors were detected in both events, It was discovered that several improvements could
be made upon the microburst recognition algorithm. The algorithms main difficulity stemmed
from the fact that it was tuned to high reflectivity events, and thus had difficulty with the two
microbursts which were of a lower reflectivity class. It was pointed out that this could be solved
by incorporating the moderate reflectivity model into the algorithm complete with a subroutine
which enables the algorithm to determine the reflectivity class of microbursts.

A) INTRODUCTION

All throughout the history of aviation, pilots have had to be aware of dangerous wind
shear which can occur as subtle turbulence or to an extreme such that it endangers the aircraft.
Wind shear is defined as a sharp change in direction or speed. It is most dangerous to aircraft
performance during takeoff and landing due to the aircrafts decreased airspeed and close prox-
imity to the ground. Many aircraft accidents can be explained to a large degree by wind shear in
the lowest few hundred meters (Fujita and Caracena, 1977 and others). In a study by Fujita and
Byers (1977), four types of wind shear were defined: headwind shear in which the aircraft experi-
ences an increase in airspeed, tailwind shear where airspeed decreases, crosswind shear which
causes the aircraft to drift to the side, and downburst shear which causes the aircraft to sink due
to vertical air currents. Strong wind shear which occurred near runways was discovered to play a
part in several aircraft accidents during takeoff and landing.

The term wind shear comprises all events where wind speed or direction is changing over
a short distance. This can be caused by many phenomena and is of course not limited to a layer
near the surface. For the purpose of this thesis, a single type of wind shear event called a
microburst will be studied. A microburst is a wind shear event which is caused by a highly con-

! This is a reprint of Mr. Eversole’s Masters Thesis for the University of Kansas, 1992.
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centrated, high speed column of air descending out of a thunderstorm which impacts the surface
and spreads out horizontally. The purpose of this thesis is to investigate two microbursts and the
in-storm features associated with their development. This will be accomplished using a com-
puter algorithm designed to recognize low level wind shear events with the assistance of single-
and dual-Doppler radar data and the synoptic situation. Certain key radar detectable phenom-
ena will be discussed as will their application to the detection of wind shear events. In order to
better understand the wind shear event, one must investigate the work that has gone into the
study of the event in the past. The Literature Review section lists the past achievements aimed
at understanding the microburst event.

1)  LITERATURE REVIEW
la)  Beginning Work

In two studies by Fujita and Byers (1977) and Fujita and Caracena (1977), the source of

the wind shear which caused several aircraft crashes was investigated. It was found that the
cause of the wind shear was an intense, rapidly descending downdraft which was termed a
“downburst.” The downburst is characterized as having a horizontal size of at least 800 meters (so
that it has an affect on the aircraft) and air descending at a rate 3.6 m/s or more at 91 meters
above ground level (AGL), corresponding to the descent/ascent rate of an aircraft on the usnal
3° glideslope. The downbursts create two hazards: first an intense descending air column which

. alone can push a plane into the ground and secondly horizontal wind shear as the downburst
impacts the surface which causes the aircraft airspeed to decrease suddenly causing the aircraft
to loose lift and fall (Figure I-1).

Microburst
Producing

Cell

Glide Slope

Flight Path

Figure I-l.  Microburst Outflow and Aircraft Flight Path. (Redrawn from Campbell and
Olson, 1986)
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Strong outflows from storms have been recognized events for quite some time. In a study
by Krumm (1954), one of the earliest attempts to model the cause of these strong outflows was
- made, Krumm, Wakimoto (1985) and others studied outflows from high-based (3 - 3.5 km
AGL) cumulonimbi in the High Plains region and discovered that a strong outflow could occur if
the subcloud layer contained a dry adiabatic mixed layer about 3 km deep. This lapse rate
combined with low humidity conditions allows for sufficient evaporation of the precipitation
causing the descending air to cool and become more negatively buoyant. Krumm observed that
these strong outflows commonly had virga associated with them,; the precipitation usually evapo-
rated before it reached the ground. Therefore, Krumm pointed out that precipitation drag
forces can essentially be ignored. This was some of the earliest work that recognized that strong
outflows can be produced given specific subcloud conditions. The downbursts in the studies by
Fujita and others differed from the strong outflows that Krumm observed in that heavy rain was
associated with the strong winds. It was discovered several years later that there are in fact two
types of downbursts: those with heavy rain and those with little or no rain. These two types will
be discussed in more detail later.

The studies by Fujita and others were among the first to use radar in the investigation of
the downbursts. They suggested that these downbursts originated from what was termed a
“spearhead echo” which is an echo on 2 low resolution radar which takes the shape of a spearhead.
The spearhead echo contains a strong updraft and several downdraft cells located on or near the
southern edge which produce the downbursts. Fujita and Caracena (1977) suggested that cloud
tops which are overshooting the tropopause collapse into the cloud, and incite large amounts of
precipitation to descend rapidly through the cloud (entraining incloud air) and eventually reach
the ground, producing a downburst. It was found that the upper-level wind speed alone could
not account for the speed of the downburst; some other mechanism such as evaporation or
entrainment was at work, and it was not clear that the downburst originated at the cloud fop
despite the descending cloud tops. Fujita (1981) suggested that a downdraft may be initiated by
entrainment of dry air at midlevels within the cloud. This entrainment would subsequently erode
the cloud by evaporating liquid water and create a notch which shows up as a bow shape on low
resolution radars, called a “bow echo.”

After the studies by Fujita and others, much interest was sparked into better understand-
ing and characterizing the downburst event using radar data. The downburst definition was
refined in Fujita (1981) to be both a misoscale and mesoscale event with a horizontal size of .4
km to about 20 km and defined a smaller and more concentrated downburst, the “microburst”
which has a horizontal extent of .4 - 4 km with peak winds lasting 2 to 5 minutes. Wakimoto
(1985) defined a larger and longer lasting outflow known as a “macroburst” which has an outflow
size greater than 4 km with damaging winds lasting 5 to 20 minutes. Fujita (1981) defined two
types of microbursts: the “traveling microburst” and the “stationary microburst.” The traveling
microburst has an asymmetric outflow with more damaging winds on the leading edge due to the
fact that the descending air progresses at the leading edge leaving an area of cold air behind,
whereas the stationary microburst impacts straight into the ground and produces a symmetrical
outflow.




Fujita (1981) noted that downbursts can reach F3 intensity (70 - 92 m/s) and discovered
“burst swaths” which are concentrated paths of high winds with an average size of 100 meters
across. Fujita (1981) observed a horizontal vortex flow at the east and west edges of microburst
outflows, and in a paper by Wolfson (1988), results from a 1984 paper by Fujita were discussed
illustrating that as the microburst impacts the surface, the leading outflow is bent back into itself,
creating a horizontal vortex roll called a rotor which was also noted by Kessinger et al (1988).
The outflow continues expanding and the horizontal vortex spins up and eventually fragments
creating runaway vortex rolls causing narrow areas of wind damage or burst swaths.

1b)  Early Research Projects

Many authors who studied the microburst event came to the conclusion that some
method of detection or warning should be developed. Several projects were consequently
designed and developed to study microburst outflows, one of them the Northern Illinois Meteo-
rological Research on Downbursts (NIMROD) which operated during 1978 near Chicago and
made the first single-Doppler measurements of microburst outflows. Another was the Joint
Airport Weather Studies Project (JAWS) which operated in the spring and summer of 1982 and
was located near the Stapleton airport in Denver, Colorado (McCarthy, Wilson et al, 1982).

The JAWS project concentrated specifically on studying the three-dimensional structure
of the microburst wind shear event to design a Doppler radar network for observing the
microburst windfield. The JAWS project also provided insight into the frequency and character-
istics of microburst events. The JAWS project did not suffer from the wide radar spacing of
NIMROD in which only single-Doppler analyses were available as a result. Many microburst
events were recorded in JAWS with single-Doppler and dual-Doppler radar data from three
NCAR radars, Aircraft equipped with radar and 27 PAM (portable automated mesonet) sta-
tions were also used to study the phenomena.

Before JAWS, the hopes of quickly developing a warning system were dampened some-
what by the realization that the microburst event was complicated and that much data needed to
be compiled before attempting a warning system. Collecting this badly needed data was the
main purpose of the JAWS project, and as the data became available characterizing the
microburst event and searching for similarities among events was the main task.

1c)  Microburst Characteristics

Using JAWS data, Wilson et al (1984) characterized the microburst event by a minimum
differential radial velocity of 10 m/s between the maximum receding and approaching velocities
(across the divergence center) which are separated by about 3 km on average. Wilson et al
(1984) found that the average height of the outflow is about 750 meters, and the maxirum
velocity in the microburst outflow typically occurred within 10 minutes after the initial outflow.
Hjelmfelt (1988) found that the microburst typically has an average lifetime of 13 minutes,
Wilson et al (1984) indicated that the maximum velocity had an average radial velocity differ-
ence of 22 m/s and was typically near the ground (50 - 100 meters) and was found to be un-
correlated with reflectivity in JAWS microbursts. Microbursts were observed to occur in mid-air
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before impacting the surface, although this was not a common occurrence. These mid-air
microbursts had been noted previously by Fujita (1981). Wilson et al (1984) also reported that
the horizontal vortex flow (discovered by Fujita, 1981) was observed quite often.

Wakimoto (1985) and Wilson et al (1984) separated the micro-burst event into two
classes: the “dry microburst”, in which little or no rainfall is associated with the high winds, and the
“wet microburst”, which has heavy rain associated with the high winds. Wakimoto (1985) indicated
that the dry microburst producing storm is typically a high based (3 - 4 km), shallow (2 - 3 km),
low reflectivity cloud with weak convective elements. This is typical of a stratocumulus or altocu-
mulus cloud with low reflectivities. Kessinger et al (1986) noted that dry microburst reflectivities
ranged from 5 to 30 dBz at 500 meters AGL (while wet microbursts typically have >30 dBz at
this height), and the dry microbursts in JAWS occurred mostly between 1400 and 1700 MDT.
This is contrasted to the wet microburst producing storm which has stronger vertical currents, is
larger and has high reflectivity values (> 40 dBz). The wet microburst typically descends from
either cumulus congestus or cumulonimbus clouds (Wolfson, 1988).

Wilson et al (1984) noted during JAWS that both wet and dry microbursts can occur in
families, therefore the oocurrence of a microburst indicates the likelihood that others may follow.
Wolfson (1988) noted microburst families were also common in Huntsville, Alabama.

Microbursts themselves do not have to occur as individual outflows, several may combine to
become one large outflow. These large outflows or “microburst lines” which are created when two
or more individual microburst outflows combine to create a longer lasting, larger outflow were
also noted in JAWS data (Hjelmfelt, 1987,1988).

In the early eighties, the microburst event was beginning to come into focus and some
common aspects of dry microbursts indicated that some form of forecasting was possible. Wilson
et al (1984) found that general area-wide alerts for dry microbursts can be made based upon
upper air soundings. Wakimoto (1985) also noted that dry microburst activity corresponds to a
particular sounding type with a dry adiabatic layer 3 - 4 km deep and dry air at the surface
(dewpoint depression > 30 °C) which reaches saturation at the cloud base. A study by Caplan et
al (1990) found that for the Denver area, the 700 - 500 mb lapse rate provided a way to forecast
microburst activity. They found that 67% of dry microburst activity occurred with a morning
(1200 UT) lapse rate of at least 8 °C/km and that 89% occurred with an evening (2200 UT)
lapse rate of the same value. So, the microburst activity was better correlated with an evening
 lapse rate of at least 8 °C/km.

1d)  Microburst Forcing Mechanisms

One of the first “forcing mechanisms” applied to the forecasting of microburst activity was
based upon the fact that a specific subcloud environment favored microburst development. A
forcing mechanism is a mechanism that is associated with microburst initiation and development.
Different forcing mechanisms are associated with dry and wet microbursts. It was later found
that the forcing mechanisms also vary geographically in type and strength, creating the need for
continuing research in different areas of the country. The following describes the forcing mecha-
nisms responsible for three types of microburst producing storms.
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Roberts and Wilson (1984) divided the microburst producing storrs into three classes
(each assumes a dry adiabatic subcloud environment) and identified probable forcing mecha-
nisms for each. The first class is for high-based shallow convective clouds that tend to produce
dry microbursts with virga located below the cloud base; the forcing mechanisms were most
likely evaporation and/or melting of particles below the cloud base.

The second ¢lass is for storms which contain a precipitation core which is descending out
of a dissipating cell, producing wet microbursts, This class generally has strong convergence and
rotation associated with the descending precipitation shaft, with the forcing mechanisms being
subcloud and incloud evaporation and/ or melting and precipitation drag to a lesser degree.
Rotation within clouds can cause a non-hydrostatic pressure situation (to be discussed later)
which can act as a forcing mechanism also. The third class is for storms which contain large hail
and also produces wet microburst events. In this case the forcing mechanisms are subclond and
incloud precipitation melting, evaporation and drag.

The significance of subcloud evaporation is exemplified in a study by Srivastava (1985)
who found that by evaporation, the weight of water is replaced by a negative buoyancy 10 times
as large. This study also contained the results of a 1-dimensional model of the dry microburst
event which showed that dry microbursts will occur with almost any rainwater mixing ratio given
that the subcloud environment has a nearly dry adiabatic lapse rate and that more intense cool-
ing will occur with small drops in dry air. Krumm (1954) and Wakimoto (1985) also noted the
significance of a nearly dry adiabatic lapse rate, Roberts and Wilson (1984) noted that evapora-
tion contributed twice as much to the negative buoyancy of the downdraft than melting or pre-
cipitation loading. Srivastava’s model also indicated that entrainment into the downdraft is
minimal as long as the downdraft diameter is at least 1 km, and JAWS data indicates that
downdrafts (> 5 m/s) are typically larger than this at about 1 - 1.5 km AGL (Hjelmfelt, 1987).

Roberts and Wilson (1987) summarized the downdraft forcing mechanisms to be evapo-
rative cooling (subcloud and incloud), melting cooling, precipitation drag and vertical pressure
gradients (mentioned earlier). Vertical pressure gradients are set up by rotation which can
centrifuge out water mass and create an area of relatively less dense air. This creates a non-
hydrostatic situation with more dense air above less dense air which incites a downdraft. Fujita
and Byers (1977) also identified overshooting tops as a possible forcing mechanism.

le)  Microburst Precursors

Roberts and Wilson (1984) also investigated “precursors” to microburst events using JAWS
data. Precursors are defined as radar detectable features within storms which precede or accom-
 pany the surface divergence (Isaminger, 1987). A descending reflectivity core was identified as a
precursor since a downdraft is initiated by the descent of the high reflectivity core from mid-
levels (Roberts and Wilson, 1984,1986). Kessinger et al (1986) also noted convergence located
near the cloud base of dry microburst events from the JAWS data set. Rotation was found to be
associated with some JAWS dry microburst events although this was not the cause of the event,
evaporation was the primary forcing mechanism since Srivastavas model closely predicted the
speed of the cutflows. The rotation may spin up as the downdraft stretches, due to the conserva-
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tion of angular momentum, and entrainment into the downdraft may be limited as a result of the
rotation. Robert and Wilson (1986) identified the following microburst precursors for the
Denver area: 1) a descending reflectivity core, 2) organized convergence above or near the cloud
base, 3) a reflectivity notch, and 4) rotation.

It is important to remember that factors other than evaporation or centrifuge in a vortex
can cause a reflectivity notch or a bounded weak echo region. A reflectivity notch can also be
caused by changes in precipitation type, size, and fall speed (Roberts and Wilson, 1987). Also,
small drops play a stronger role in evaporation (Srivastava, 1985) since they evaporate easily
(more surface area per unit mass), and these small drops do not have a large affect on
reflectivity, which is proportional to the 6th power of the diameter of the hydrometeor and the
number of drops.

Isaminger (1987) listed the microburst precursors which are acknowledged to be rotation,
convergence, descending reflectivity core, reflectivity notching and introduced a new microburst
precursor, upper-level divergence. Another possible microburst precursor is negative velocities
in a “flare echo” (Wilson and Reum, 1988) which appears as an appendage on the far side of the
core. The flare is created by the radar beam being deflected off hailstones in the core to the
ground, bouncing back off the ground to the hailstones and back to the radar. The extra distance
traveled causes a false echo on the back of the core. Positive Doppler velocities indicate that the
hydrometeors that caused the deflection were rising, and negative velocities indicate they were
descending. Isaminger (1987) discussed a Huntsville, Alabama microburst producing storm that
had a flare echo.

It was found that microburst precursor signatures vary geographically. In Huntsville,
Alabama, the most common features were a descending core (95%) and divergent tops (93% of
storms scanned to storm top) while rotation was detected to a lesser degree (59%) (Isaminger,
1987). However, in Norman, Oklahoma, descending cores (100%) and convergence (100%) are
the most common features of six microburst producing cells on the same day (Eilts, 1987). In
Denver, Colorado, convergence (Roberts and Wilson, 1984) and rotation are common features
(Roberts and Wilson, 1986), however mid-level convergence was typically stronger in Huntsville
events (Biron and Isaminger, 1989). Lower level divergence was detected before 75% of the
microburst outflows in Denver, but only 2% of those at Huntsville (Biron and Isaminger, 1989).
Kansas City, Kansas micro-bursts were almost always associated with a descending core and to a
slightly lesser degree rotation, convergence and upper-level divergence (Campbell and '

Isaminger, 1990).

The subcloud environment also varies geographically. Eilts (1987) noted that the
Norman, Oklahoma environment has a shallow moist boundary layer. The Denver, Colorado
environment is typically dry adiabatic (Wakimoto, 1985 and others) with a very dry layer near the
surface and increasing moisture with height (Kessinger et al, 1986). Kansas City, Kansas tends to
have a somewhat drier environment (authors observations).




1f)  Microburst Recognition

The development of a warning system requires an understanding of the microburst event,
as mentioned earlier. The development of that warning system was based to a degree on the
work of Roberts and Wilson (1986), who created three different models for micro-burst events
based upon the storm reflectivity structure: the “low reflectivity model” with reflectivities less than
35 dBz, the “moderate reflectivity model” with reflectivities 40 - 55 dBz, and the “high reflectivity
model” with reflectivities of 55 dBz or greater. Convergence aloft was detected 5 - 6 minutes
before the surface microburst outflow in all three models. The moderate and high reflectivity
models are characterized by a reflectivity core which begins descending 5 - 6 minutes before the
first signs of the outflow at the surface. All three models show that the reflectivity/precipitation
core is initially collocated at the surface with the developing microburst.

These three models allowed for the detection and recognition of microburst events based
upon the precursors in the model. The next task was deciding what the best equipment and
method to use for detection was. Wilson et al (1984) studied the ability to nowcast (0 to 30
minutes) the microburst using one or two radars and various microwave wavelengths. Another
study by Roberts and Wilson (1984) suggested that nowcasting microbursts is possible using a
single-Doppler radar.

Along with the microburst models they created, Roberts and Wilson (1984, 1986) pro-
posed a method of nowcasting microbursts by using computer generated time-height profiles of
the reflectivity structure of storms. The method was a forecaster-computer interactive environ-
ment in which the forecaster analyzes the time-height profiles for indications of a descending
reflectivity core suggesting an impending microburst. Based upon evidence that a microburst
typically occurs about 5 minutes after the detection of a descending reflectivity core and reaches
peak intensity 5 minutes after that (Roberts and Wilson, 1986), there should be enough time for
the forecaster to warn pilots and air traffic controllers. The forecaster-computer nowcasting
concept was developed further in Roberts and Wilson (1987) in which the forecaster watched
radar displays and time/ height profiles for downdraft forcing mechanisms which can be quickly
identified from radar signatures. The forecaster directs the computer to perform various tasks
such as time /height profiles of reflectivity and velocity in the vicinity of interest.

The growing understanding in microburst processes and radar signatures lead to the idea
of developing a completely automated wind shear recognition system which would operate on
single-Doppler radar data and not require the forecaster as needed in the models by Roberts and
Wilson (1986,1987). The first microburst recognition algorithm was developed at M.LT. Lincoln
Laboratory by Merritt (1987). This algorithm was based solely on the surface radial velocity
divergence feature of the microburst event. This algorithm was tested at the FL-2 site in Hunts-
ville, Alabama and successfully detected 98% of the outflows of wet microbursts with radial
velocity differences of 20 - 24 m/s and slightly lower for other velocities. The disadvantage of
this system is that the warning time depends on the amount of time between the initial diver-
gence and the maximum radial velocity difference of the outflow which can occur simultaneously
(Wilson et al, 1984).




Campbell and Olson (1986) developed a rule-based expert system to detect wind shear
from Doppler radar data and named this system WX1. An expert system is one which attempts
to model the structure of the process of deduction and the knowledge of the forecaster. The
WX1 system has the capability of predicting microburst outflows in a more timely manner than
the surface outflow algorithm by considering features other than just surface divergence, such as
features at middle- and upper-levels. The WX1 system recognizes surface (below 1 km AGL)
divergence, middle-level (1 to 2.5 km AGL) rotation, upper-level (above 2.5 km AGL) conver-
gence and high reflectivity areas or reflectivity cores (Campbell 1986, 1989). Reflectivity cores
are determined by a minimum and maximum reflec-tivity. That is, the reflectivity core is the
area within the cloud which contains at least a minimum reflectivity (such as 45 dBz) and also at
least 2 maximum reflectivity value (such as 54 dBz). Combinations of these features such as
convergence aloft combined with a descending reflectivity core are recognized to be microburst
precursors. These additional features increase the time between microburst precursor detection
and microburst occurrence to 5 to 10 minutes (Roberts and Wilson, 1986).

The WX1 system performs successive stages of abstraction of the radar data in the
interpretation of wind shear events. First, a feature extraction algorithm is executed, and then
the extracted features are compared to several wind shear models (microburst, gust front, bad
data) and also to previous features which may have been detected on previous volume scans.
Confidence factors were used in order to rank features as to the certainty that they represent
meteorological phenomena. For example, if a surface divergence feature was detected on a
given volume scan and on a previous volume scan it was associated with mid- or upper-level
microburst precursors, it would have a very high confidence factor whereas a surface divergence
feature alone would have a low confidence
factor.

- The microburst recognition system was developed further in Campbell (1988), in which
the new system was called WX2. The WX2 system which is the successor to the WX1 system isa
combination of Merritts algorithm and features aloft (microburst precursors). The WX2 system
is based upon the microburst models put forth in Roberts and Wilson (1989). The WX2 system
contains more microburst precursors which include upper-level (above 7 km AGL) divergence,
middle-level convergence (1.5 to 7 km AGL.), middle-level rotation (1 to 5 km AGL), lower
divergence (03 to 1 km AGL), surface divergence (below 0.3 km AGL), storm cells (30 dBz
contour) and storm cores (50 dBz contour). In addition to these, descending reflectivity cores are
recognized to be when the lower limit of the core descends below 2.5 km AGL. All of these
parameters are site adjustable and vary geographically. The use of these microburst precursors
allows the system to make a microburst declaration while the outflow is still less than 10 m/s,
thus increasing the warning time. Also, since the strength of the features aloft is somewhat
related to the strength of the outflow in some areas (Biron and Isaminger, 1989), the strength of
features aloft adds clues to the changing strength of the surface outflow (Isaminger, 1987). An
example was given showing that by using microburst precursors, a microburst hazard was recog-
nized 1.3 minutes earlier than would have been possible and a middle-level microburst precursor
was recognized 7.5 minutes prior to the event.




The WX2 system structure is similar to WX1 and is broken into two parts: feature extrac-
tion and symbolic reasoning. The feature extraction step is when two-dimensional features are
extracted from the radar data such as rotation or reflectivity cores. The symbolic reasoning step
is when the two-dimensional features are combined into three-dimensional features. There are
two stages in the symbolic reasoning: vertically correlate features of the same type to produce
velocity and reflectivity structures and second to create complex structures which contain fea-
tures of different types.

'The WX2 system was used to develop the prototype TDWR microburst recognition
algorithm, The prototype algorithm has three sections: feature extraction, vertical integration
and microburst recognition (Campbell, 1989). The feature extraction section is the same as the
WX2 system and the vertical integration is essentially the symbolic reasoning step in WX2. The
microburst recognition step is made up of two algorithms: the surface outflow algorithm which
evaluates the spatial and temporal aspects of the surface outflow and the microburst precursor
algorithm which evaluates structures aloft to determine if a microburst is expected. The
microburst recognition algorithm can declare a microburst if there is a weak surface outflow that
is less than the threshold of 10 m/s and one of the following three microburst precursor signa-
tures: 1) a descending reflectivity core and convergence aloft, rotation aloft, divergence aloft or
lower divergence, or 2) a reflectivity core and convergence aloft or rotation aloft which extend
below 3.5 km AGL or 3) descending convergence or rotation aloft. The descending reflectivity
core was changed from the WX2 system value in Campbell (1988) to occur when the lower limit
of the reflectivity core descends below 2 km AGL (Campbell, 1989) and is based on Isaminger
(1987). Based upon results from 26 microbursts in Denver, Colorado in 1988, the use of features
aloft increase the probability of detection of microbursts from 85.5% to 9%, and in 1989 at
Kansas City, Kansas the prototype microburst recognition algorithm successfully predicted 89%
of the microburst outflows of at least 10 m/s (Campbell and Isaminger, 1990).

A problem associated with all of the microburst recognition algorithms which are based
on single-Doppler radar data is when the microburst outflow is asymmetrical. Wilson et al
(1984) found that microburst asymmetry increased with increasing diameter and that on average,
the maximum shear axis is twice that of the minimum shear axis. Microburst asymmetry makes
recognition much more difficult due to a possible under or over estimation of the microburst
outflow speed (Hjelmfelt, 1988, Wilson et al, 1984). An example would be if an asymmetrical
microburst outflow was oriented with respect to the radar such that the radial velocity difference
was less than the threshold value of 7.5 m/s (assuming a precursor was detected), but the maxi-
mum shear axis had a radial velocity difference of 30 m/s or more. The microburst outflow
would be underestimated by the radar and a potentially hazardous sitnation could exist to air-
craft. Asymmetry may be caused by several things such as storm motion, an asymmetrical
reflectivity core or contamination from other outflows. Eilts (1987) reported that microburst
asymmetry is apparently common in Oklahoma, and Hjelmfelt (1987) reported that asymmetry is
also common in Denver.

Some of the parameters in the microburst recognition algorithm are site adjustable and
vary with geographical location, and this variation is related to the fact that the microburst
precursor signatures vary geographically. In Denver, Colorado the reflectivity core had to
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develop at a height of at least 5 km AGL and descend below 2.5 km and have 2 maximum
reflectivity of at least 50 dBz (Campbell, 1988), whereas in Kansas City, Kansas the reflectivity
core must have a minimum height of 4.5 km and a maxinmm reflectivity of at least 54 dBz
(Campbell and Isaminger, 1990). These minimum height and maximum reflectivity criteria were
based on a previous study by Isaminger (1987). The Kansas City, Kansas area was found to have
several microburst events which did not develop the minimum height of the reflectivity core and
were subsequently missed. It was found that by lowering the maximum reflectivity threshold to
51 dBz would increase the amount of microbursts detected without a significant increase in the
false alarm rate (Campbell and Isaminger, 1990). Table I-1 summarizes the microburst detec-
tion algorithms.

It became apparent that the next generation radar system (NEXRAD) would generally
not be located near enough to all of the airport locations in the United States to observe
microburst outflow characteristics. Also, the NEXRAD system is not designed to provide sur-
face measurements often enough (5 - 6 minutes whereas the TDWR updates volume scans every
2 - 3 minutes). In response to these problems, the Terminal Doppler Weather Program was
developed (TDWR) (Turnbull et al, 1989). The TDWR project is being developed by Lincoln
Laboratory (M.LT.) under sponsorship of the FAA and is being tested by using the FAA/Lin-
coln Laboratory FL-2 radar (Evans and Johnson, 1984).

Table I-1. Algorithm Comparison.

Recognized Features Method ‘Warning Time
Merritts -Surface Divergence About 0-5 min.
wWX1 -Surface Divergence 2 Stage: About 5-10 min.
-Mid-Level Rotation 1) Feature
-Upper-Level Conv. Extraction
-Reflectivity Cores 2) Model
-Descending Cores Comparison
wx2 -Surface Divergence 2 Stage: About 5-10 min,
-Lower Divergence 1) Feature
-Mid-Level Rotation Extraction
-Mid-Level Conv. 2) Symbolic
-Upper-Level Div. Reasoning
-Storm Cells
-Reflectivity Cores
-Descending Cores
TDWR -Surface Divergence 3 Stage: About 5-15 min.
Micro- - -Lower Divergence 1) Feature
burst -Mid-Level Rotation Extraction
Algorithm -Mid-Level Conv. 2) Vertical
-Upper-Level Div. Integration
-Storm Cells 3) Microburst
-Reflectivity Cores Recognition
-Descending Cores
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The FL-2 testbed radar is testing and developing several algorithms associated with
predicting and detecting wind shear. The FL-2 radar is a portable pulsed S-band Doppler radar
which was in Memphis, Tennessee in 1985, Huntsville, Alabama in 1986, Denver, Colorado in
1987 and 1988, Kansas City, Kansas in 1989 and is currently operating in Orlando, Florida. The
goal of the TDWR program is to locate a single-Doppler radar in the vicinity of an airport.
Computer algorithms, which create geographic situation displays placed in the airport control
towers so that air traffic controllers can advise pilots of hazardous wind shear, have been devel-
oped as of today.

2) MICROBURST MODEL

The microburst recognition algorithm employed at the TDWR testbed site is used in this
thesis in the interpretation and location of microburst precursors. This algorithm is not infallible,
and this is especially true in the case of multi-cellular storms such as August 28, 1989. The
algorithm data was edited for the August 28, 1989 storm in order to improve the accuracy of the
interpretation of the microburst event.

The microburst recognition algorithm is based upon the high reflectivity microburst
model (Roberts and Wilson, 1989). The two microbursts that will be studied in this thesis are of
a lesser reflectivity class and actually fit the criteria for the moderate reflectivity microburst
model (Roberts and Wilson, 1989). Consequently, the timing of the precursors associated with
the two microburst events will be compared to the moderate reflectivity model. Despite the fact
that the microburst recognition algorithm is based upon the high reflectivity event, the criteria
for recognizing the precursors differ only in the minimum reflectivity threshold for the maximum
reflectivity core (54 dBz). Since both storm types fail to attain this reflectivity, the algorithm has
difficulty recognizing cores and descending cores.

Table 1-2 compares the timing of the two microburst models. The main differences
between the two are that a descending reflectivity core is more common in the moderate
reflectivity event, and that the storm continues to grow after the microburst event in the high
reflectivity model, while it quickly dissipates during the microburst event in the moderate
reflectivity model. _

Table I-3 lists the precursors that will be used to infer the forcing mechanisms of the two
microbursts, A brief description of the importance of each precursor with respect to the two
microburst events is summarized in the right hand column. It must be stressed that not all
possible precursor functions are listed, only those relevant to the investigation of the microburst
events in this thesis. Figure I-2 illustrates the structure of a microburst and the process of devel-
opmert.
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Table I-2. Microburst Model Event Sequence.
(Based upon Roberts and Wilson, 1989)

Event Moderate Reflectivity High Reflectivity
Time Event (40 - 55 dBz) Event (> 55 dBz)
T-10 -Some convergence is present -Storm grows rapidly.
incloud betweem 3 and 8 km -Convergence is increasing at 6 km.,
T-5 -Reflectivity core is descending. -Storm continues rapid growth.

-Incloud convergence increasing . -Convergence at 6 km continues to

increase.

-Rotation below 3 km and a -Rotation just prior to the surface
reflectivity notch above 4 km divergence is likely in the lowest 3 km.
may be evident. -Reflectivity core might be descending.

T=0 -Convergence has increased further, -Storm attains 60-65 dBz.

-Rotation is likely. -Widespread convergence exists

-A reflectivity notchn is becoming throughout the storm.
more apparent between 3 and 6 km. -The reflectivity core has most likely

-The reflectivity core has descended reached the surface,
from 6km and is now collocated with
the surface divergence.

T+5 -Convergence at 6 km has decreased. -Rotation and convergence are apparent at

-Convergence at 3 km has increased. 3km.

-Rotation is more obvious. -The reflectivity core is at the surface.

-The storm typically dissipates rapidly -The storm continues to grow.
after the microburst attains its -The diverging outflow can evolve into a
maximum strength. macroburst.

Table I-3. Precursors Used in Thesis for Microburst Recognition,

Precursor Functions or Indications

Descending Reflectivity Core -Indicates imminent microburst development.
-Triggered by precipitation loading, evaporation,

vertical pressure gradients, etc.

Mid-Level Convergence -Supplies dry air which results in evaporation.
-Response to descending reflectivity core.

Mid-Level Rotation -Vorticity stretching in response to descending
reflectivity core. :
-Creates vertical pressure gradients which instigat
the descent of the reflectivity core.

Upper-Level Divergence -Associated with strengthening outflow velocities.
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3)  THESIS TOPIC

As stated earlier, the purpose of this thesis is to study two microbursts which originated
from two thunderstorms in the Kansas City area. The first microburst producing thunderstorm
occurred on May 14, 1989 and the second on August 28, 1989, Both of these thunderstorms
produced multiple microbursts, but for this thesis only one from each will be investigated. The
format will be to determine which precursors played roles in the development of the microbursts
and from this, the forcing mechanisms for the microbursts will be determined.

The precursors and forcing mechanisms of these two microbursts will be compared and
contrasted with each other and with the typical microburst event (Figure I-2) which is based
upon the microburst model of Roberts and Wilson (1989). In addition, the environmental
sitnation for each storm will be discussed in order to substantiate the hypothetical forcing
mechanisms and to give clues as to the factors associated with the storm development. In the
course of the investigation, certain weaknesses in the microburst recognition algorithm were
detected. Suggestions for improving certain aspects of precursor detection will be given,

U, r-Level Divergence
_g—"PP® rg

Storm Cell

Descending Reflectivity
.- Core

| :
ﬁ/—: . Mid-level Rotatlon

>
\

Mid-level Convergence

Surface Divergence

"""

Figure I.2.  Typical Microburst Event. (Redrawn from Campbell and Isaminger, 1990.)

B) DATA

The radar and computer algorithm data used in this thesis were provided by the mobile
FL-2 site of the Lincoln Laboratory of the Massachusetts Institute of Technology under sponsor-
ship of the Federal Aviation Administration. Other forms of data were provided by the author
excepting the satellite map and sounding for May 14, 1989 which were also provided by Lincoln
Laboratory.
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1) FL-2 AND UND RADAR DATA INFORMATION

The FL-2 Doppler radar is an S-band radar and was located about 10 km SSW of the
KCI airport and cooperated with the University of North Dakotas (UND) C-band Doppler radar
which was located about 20 km to the east. These two Doppler radars enabled the development
of three dimensional dual-Doppler analyses of wind shear events. Table II-1 shows the attributes
of the two radars. The FL-2 radar is a more powerful (peak power of 1100 kW vs. 250 kW),
more accurate (resolution of 120 m vs. 250 m) and more sensitive radar than the UND radar.
Also, the FL-2 S-band radar does not suffer from attenuation due to scattering by water as is
possible with the UND C-band radar. Consequently, FL-2 single-Deppler radar data was used
in the analysis of the two storms due to its superior qualities.

Table II-1. Characteristics of the FL-2 and UND Radars.

Characteristic FL-2 UND
Beamwidth 1° 1°
Wavelength (cm) 106 54
Peak Power (kw) 1100 250
Sensitivity At Nominal

Range of 50 km (dBz) -55 31
Clutter Suppression (dB) 50 20
Maximum Range (km) 456 26
Range Gate Spacing (m) 120 250
Scan Strategy PPI/RHI PPI/RHI
Maximum Scan Rate (deg/sec) 10 16

(Table taken from Isaminger, 1989)

Two storms were studied; one which occurred on August 28, 1989 and another which
occurred on May 14, 1989, One microburst from each storm will be studied. Figure II-1 shows
the location of the two microbursts to the two radars and the KCI airport.

[14d
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Figure II-1.  Radar and Microburst Locations.
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2) DUAL-DOPPLER RADAR DATA LIMITATIONS

For the investigation of these two storms, single-Doppler and dual-Doppler analyses were
performed. Unfortunately, only surface dual-Doppler analyses are available due to the fact that
both storms were too close to the FL-2 Doppler radar and the UND Doppler radar. The
problem is a result of the manner in which the dual-Doppler data is produced. In order to
produce a dual-Doppler image, one must construct a layer (which looks like a box) with a
specified thickness and horizontal dimensions at the point of interest.

The first step in this procedure is to fill the layer with radar data using scans which
increase consecutively in elevation angle. This is done for every available radar, (a minimum of
two radars is required) so that layers are obtained for each radar, with all layers having the same
size and location. The last step is to run a processing program which produces the dual-Doppler
analyses.

The problems associated with this process are that the closer the layer is to the radar, the
higher the elevation angle which is required to fill the layer; a layer which is farther away from
the radar will not require as many consecutive scans. Arother disadvantage to having a storm
that is too close to the radar which requires several scans to fill with data (at close distances, the
scan volume is smaller, thus requiring more scans to fill the volume of the layer), is that time
elapses between the first and the last scans required for the layer. Consequently, if more scans
are required to fill the layer, then the storm may have evolved during the time required to scan
the storm, making the layer data inaccurate. The storms in this study were too close to the two
radars for upper air dual-Doppler analyses. Therefore, only surface dual-Doppler analyses were
available.

3) MAY 14, 1989 DATA
3a)  Single-Doppler Radar Data

The following two tables are the single-Doppler data for the first storm which occurred
on May 14, 1989, Table H-2 lists the PPI (Plan Position Indicator) data which will be used to
recognize upper air precursors such as convergence, rotation, divergence and reflectivity core
location. Only scans of the portion of the cloud above the lowest kilometer are used since the
precursors are generally mid- and upper-level phenomena excepting the surface divergence
feature of the surface outflow which will be displayed using dual-Doppler analyses.

Table II-2. FL-2 PPI Plots for May 14, 1989.

Time (U.T.) Elevation Reflectivity Velocity
Angle Plot Plot

19:23:01 186 Figure T1-17

19:28:22 13.1° Figure 111-9

193131 13.1° Figure TIE-16
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Table II-3 lists the RHI (Range Height Indicator) data used for the study of the May 14,
1989 microburst. The RHI data will be used to interpret precursor signatures such as reflectivity
cores, convergence and divergence. No RHIs are available earlier than 19:30:15 from either
radar since the radars were not scanning RHIs in the area of the microburst.

Table II-3, FL-2 RHI Plots for May 14, 1989.

Azimuth Reflectivity Velocity
Time (U.T.) Angle Plot Piot
19:30:15 1400 Figure II1-6 Figure II-11
19:33:16 14.0¢ Figure -7 Figure III-12
19:39:32 20.0° Figure III-8 Figure 11I-13

3b)  Dual-Doppler Radar Data

Table II-4 shows the dual-Doppler surface plots to be used to interpret surface precursor
signatures such as a surface divergence and reflectivity associated with the outflow. The
smoothed windsplots have had the average environmental wind component removed from the
observed wind field to enhance the microburst outflow. The resolution of the plots is 250 meters
which is because this cannot be better than the radar with the poorest resolution (the UND
radar). Plot times correspond (in order) to the following events: initial outflow, peak radial
velocity and radial shear, and the dissipating outflow.

Table I-4. Dual-Doppler Surface Plots for May 14, 1989.

UV Wind Component
Time (U.T.) Removed (m/s) Winds Event
19:26:23 4.7/-08 Figure ITI-1 Initial Outflow
19:38:42 -51/-02 Figure HI-2 Peak Velocity
19:56:40 -5.5/+10 Figure I3 Dissipation

3¢)  Microburst Recognition Algorithm Output

The computer algorithm used in this thesis is the microburst recognition algorithm
discussed in the Introduction. As discussed earlier, this program searches for and evaluates
precursors such as a descending reflectivity core, surface divergence, upper-level divergence,
mid-level cyclonic and anticyclonic rotation, and mid-level convergence. The algorithm is subject
to certain limitations such as a difficulty discerning individual reflectivity cores and/or attributing
features to the wrong microburst in multi-cellular storms. These limitations are of particular
importance when considering the August 28, 1989 storm due to its multi-cellular structure with
multiple outflows, but not in the case of the May 14, 1989 storm due to its essentially single
cellular structure and relatively few outflows. The algorithm correctly detected the features of
the May 14, 1989 microburst and no substitutions or alterations of the data were necessary. The
confidence in the algorithm output is enhanced by the fact that no other microbursts were oper-
ating in the immediate vicinity of the May 14, 1989 microburst, thus ensuring that the recognized
precursors are solely associated with the one microburst.
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Table II-5 is a summary of the microburst event. The microburst started at 19:26:23 and
lasted for about 30 minutes with a radial velocity difference of at least 10 m/s. Compared to the
average microburst lifetime of 13 minutes (Hjelmfelt, 1988) this is an unusually long lived event.
The diameter of the microburst never exceeded 4 km, the upper limit on the size of a microburst
(Fugjita, 1981). The maximum radial shear was 23 m/s and is close to the average maximum
value of 22 m/s (Wilson et al, 1984). Radial shear, the radial velocity with respect to radial
. distance, can be used as a measure of the intensity of a microburst. A minimum value would be
10 m/s of outflow speed over the maximum diameter of a microburst (4 km), yielding 2.5
m/s/km. An average value can be inferred from the average radial velocity and distance of 22
m/s and 3.1 km (Wilson et al, 1984) which yields an average radial shear of 7.10 m/s/km. The
May 14, 1989 microburst had an average radial shear of 7.07 m/s/km, which compared to the
average value, makes this a microburst of average intensity. Based upon the maximum radial
velocity of this microburst, this would be classified a “strong” (20 - 24 m/s) microburst based upon
the categaries set up by Biron and Isaminger (1989).

Table II-5. Microburst Characteristics for May 14, 1989.

Start Time (U.T.) 19:26:23

End Time (U.T.) 19:56:40
Average Range Center 9.80 km
Average Range Center Difference . 267km
Average Azimuth Center n2%
Average Radial Velocity Difference 16.52m/s
Average Radial Shear 7.07 m/s/km
Maximum Radial Shear 115m/s/km
Maximum Radial Velocity Difference Zm/s

Table II-6 is a list of the surface cutflow features of the microburst. The centers of the
outflow are calculated by the algorithm, and since this determination is based upon single-
Doppler data, the apparent location of the center of the outflow may differ from the actual
location due to asymmetry of the outflow. This may account for some erratic locations during
the lifetime of the microburst since the outflow was in fact asymmetrical, which will be discussed
later. The erratic locations show up primarily in the azimuth values which show a sharp change
from 19:27:27 to 19:28:31 and significant changes from 19:51:57 to 19:56:40. These erratic values
will not impair the investigation of the microburst for three reasons: 1) the variationisona
relatively small scale, 2) the general track of the storm is easily identified, and 3) since no other
microburst outflows were in the immediate area, the variation was not due to distortions of the
outflow caused by intersecting outflows.

Table II-7 is a list of the microburst reflectivity core attributes. Only reflectivities of 45
dBz or greater are included since the algorithm does not recognize reflectivity cores with a lower
reflectivity than this value. This fact will prove to be a shortcoming of the algorithm in this case
since this storm contains reflectivities which are frequently less than this minimum value and
always less than the maximum reflectivity threshold of 54 dBz. Campbell and Isaminger (1990)
noted that the maximum reflectivity criteria may be too restrictive for Kansas City microbursts
and that more microbursts can be correctly detected by lowering the maximum value to 51 dBz.
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The maximum reflectivities in this microburst never exceed even 51 dBz, indicating that the
reflectivity core was not a leading precursor in the recognition of this microburst by the algo-
rithm.

The core locations also display variability, and this is probably due to the fact that the
algorithm searches for relative maximums in the reflectivity field and then attributes these
maximums to a neighboring microburst. The reflectivity maximum associated with the
microburst may be obscured by a neighboring higher reflectivity area and go undetected. This is
usually not significant except in the case of multi-cellular storms, in which a neighboring higher
reflectivity core may overshadow the actual lower reflectivity core of another microburst. '

Table II-6. Surface Outflow Characteristics for May 14, 1989.

Radial Velocity Radial Radial

Time (U.T.) RAC Difference Distance Shear
: @/9) (km) (m/s/kam)

19:26:23 102/09.3° 11 16 6.87
19:27:27 102/09.3° 13 16 812
19:28:31 9.7/14.0° B 13 10.00
19:20:32 9.8/13.1° 15 1.6 937
19:30:32 9.7/12.9° 15 20 750
19:31:40 9.6/14.5° 15 16 937
19:32:34 95/15.4° i6 16 10.00
19:33:34 92/12.5° 17 17 10.00
19:34:39 95/14.6° 18 21 8.57
19:35:39 9.5/12.8° 20 2.7 741
19:36:40 93/15.F 20 18 1110
19:37:47 94/172° 3 20 11.50
19:38:42 94/17.2 23 20 11.50
19:39:42 93/17.7 3 20 1150
19:40:46 9.4/19.7 23 20 11.50
19:41:47 27/22.3° 2 24 9.17
19:42:47 98/23. 7 2 26 846
19:43:55 10.0/26.1° 21 4.0 5.25
19:44:50 10.0/26.1° 19 4.0 475
19:45:50 10.0/26.1° 18 40 4.50
19:46:53 102/273° 16 35 4.57
19:47:53 102/273° 14 35 4.00
19:48:53 102/253° 16 34 471
19:50:02 9.9/25.9° 15 32 4.69
19:50:56 99/25.9° 13 32 4.06
19:51:57 99/25.9° 13 32 4.06
19:53:00 9.9/32.3° 13 34 3.82
19:54:00 10.1/40.2° 12 3.7 324
19:54:37 10.1/40.2° 12 36 333
19:55:40 10.1/40.2° 11 36 3.06
19:56:40 10.1/40. 10 38 3.25
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Table II-7. Microburst Reflectivity Core Locations for May 14, 1989,

Time (U.T.) RAC Height (km) Core dBz
19:18:55 108/11.2 13 45
19:19:01 108/11.2° 17 47
19:21:39 104/12.1° 04 47
19:21:46 104/12.1° 0.8 45
19:21:52 104/12.1° 12 48
19:21:59 10.1/07.7 16 46
19:22:30 105/11.> 0.2 47
19:23:22 103/09.7 0.1 46
19:24:22 10.2/09.1° 01 46
19:24:30 102/09.1° 0.2 47
19:24:39 11.4/09.1° 0.4 46
19:24:54 103/12.5° 08 47
19:25:01 103/12.5° 12 49
19:25:08 103/12.5° 16 45
19:25:14 100/12.8° 1.9 45
19:25:21 10.0/12.8° 23 45
19:25:29 10.1/09.9° 0.1 49
19:26:23 10.1/09.9° 0.1 45
19:27:.27 10.1/00.9° 0.1 45
19:27:55 103/10.9° 0.8 48
19:28:02 10.6/11.6° 12 48
19:28:09 103/12.4° 16 47
19:28:16 103/124° 20 45
19:31:04 102/12.%° 0.8 47
19:31:18 102/12%° 15 45
19:34:02 9.7/152° 08 45
19:34:09 9.7/152° 11 45
19:34:23 97/152° 19 45
19:35:39 9.7/15.>r 0.1 45
19:36:40 9.7/152 0.1 45
19:36:57 103/104° 0.4 45
19:37:12 95/16.2° 08 46
19:37:19 05/162 11 45
19:37:25 95/16.2° 14 46
19:38:42 95/16.2 0.1 45

Table II-8 shows the cyclonic rotation recognized by the algorithm. Some variability in
the location is apparent but is probably due to the easterly storm movement during the nine
minute gap between detection of the rotation, Table II-9 shows the anticyclonic rotation recog-
nized by the algorithm. No large variability in locations is noted except for the time between
19:40:23 and 19:43:27, which could be due to storm motion during the three minute gap.
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Table I-8. Mid-Level Cyclonic Rotation for May 14, 1989,

Radial Velocity
Time (U.T.) RAC Height (km) Difference (m/s)
19:23:01 11.9/16.9 38 10
19:23:07 119/169 45 9
19:23:14 11.9/16.9~ 52 12
19:32:05 93/194 25 11
19:32:12 93/194~ 3.0 10

Tablell-9. Mid-Level Anticyclonic Rotation for May 14, 1989.

Radial Velocity
Time (U.T.) RAC Height (km) Difference (m/s)
19:28:22 10.2/12.6° 23 11
19:31:18 9.7/11.2° 15 11
19:31:31 9.8/13.6° 22 12
19:34:16 9.7/11.2° 15 10
19:34:23 10.1/11.9° 19 10
19:34:29 10.1/11.9° 23 10
19:37:19 9.4/12.2° 1.1 10
19:37:25 9.4/11.7° 14 13
19:40:23 10.0/12.7° 15 11
19:43:27 9.6/25.6° 1.1 10
19:43:43 9.6/25.6° 15 10
19:43:40 9.6/25.6° 1.8 10

Table II-10 shows the upper-level divergence recognized by the algorithm. The locations
exhibit considerable variability and this is associated with the azimuth values. This is probably
due to the fact the the upper portion of the storm had a wide area of divergence aloft (to be
illustrated later) and the algorithm was again searching for relative maximum values which can
move around. These erratic locations are acceptable since there was only one microburst
operating in the area. Table II-11 shows the mid-level convergence recognized by the algorithm.,
In this case, the locations show only a minor variation.
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Table II-10. Upper-Level Divergence for May 14, 1989,

Radial Velocity
Time (U.T.) RAC Height (km) Difference (m/s)
19:23:40 12.0/09.8° 6.6 14
19:23:46 10.8/17.2° 6.9 13
19:26:41 10.7/29.8° 6.1 14
19:26:47 10.7/29.8° 6.9 18
19:29:50 12.0/18.8° 6.8 15
19:29:57 12.0/18.8° 7.3 10
19:32:58 10.2/31.2° 6.6 15
19:35:58 11.0/37.4° 6.3 12
19:39:05 10.2/33.1° 6.6 13

Table II-11. Mid-Level Convergence for May 14, 1989.

Radial Velocity
Time (U.T.) RAC Height (km) Difference (m/s)
19:21:59 10.1/07.7 16 11
19:22:06 101/07.7 19 10
19:22:13 104/1237 24 10
19:22:54 108/14.4~ 29 10
19:25:14 98/093 19 11
19:25:21 9.8/093" 23 10
19:25:55 10.1/16.0° 2.7 10
19:28:16 10.1/11.6 2.0 12
19:28:22 102/12.6 23 10
19:29:03 98/156 26 10
19:31:24 98/11.2" 19 10
19:34:23 98/133 19 14
19:40:30 103/083" 20 10

3d)  Synoptic Situation

By examining the surface map for 18:00 U.T. on May 14, 1989 (Figure II-2), a converging
band is visible in the Midwest. The converging flow in the Midwest is the result of the circulation
pattern created by the high pressure area in the Great Lakes region and the low pressure area in
the desert southwest. The satellite map near the time of the microburst (Figure II-3) shows the
development along the band of convergent flow. The storm under study is located near Kansas
City, Kansas. The sounding for 12:00 U.T. at Topeka, Kansas (Figure II-4), indicates a some-
what dry environment except for a moist area near 4 km. The vertical coordinate is given in
height in ‘order to ease the comparison of the vertical structure of the storm to the environment.

22




"6861 T A8 wo (I, QO'ST J03 de]y moﬁ.ﬂ.pw 611 .85.@.
¢ * o . / ) .1- d\‘ll'.—/m-ﬁﬂq‘nﬁ._. B‘N‘I’/“\“ I
. . € : e F
* co & da.-m jal U _ L'”ﬂ“m .-_ﬂﬂ m ‘ vh&
g A3 d .
e _wmmmw ral
' {f ¥ ~13 y m.‘
&M i o .qu_o? 8!
. $
PP A~ A

. h Tt 1Y A | Zih

it
.. "\beﬂ

r‘

H4 TN wM f4]
41 1] 0 ™
T, 8 15 3 %\
N7 14 B Sy s
. ORIl 1
oA | o VT -
k1 22 Pt e “ < LN 3
4 S IR 1T
ATV A - B ¥ L
1 .m\.\ax:m..\.. row 1 I
'\ 1]
(SRR Al o8 |
.mwu £V 7t A_..._Mmﬂﬁ.nm It ! u._.-W
nloders 8 v \date
H.—d.\mw MM Loerr (hﬂm .Mm-_—\ “J ﬂv_- Thiv “ w&
- 28 4 aq, Rir < 1€ n_.n.qm ” aan.l“ .
2 AT el s T e T MR
t\D.HI.. - i ﬁ{“%ﬂ“ﬁ—- dm.ﬂ (&Wﬂ -..
L
“ﬂ«ﬂ.ﬂ“uh\ LA L nh “‘ 1) ﬁ B

s as._r zu... ....n = Ls
§h oy o o .dﬂ
=0 ieleet .
057 Hm%.mr 1

SRR LA T it R
Eeds

.b_.nlunﬂ

¥4

oY U
R 11 ; P . —ll Waid




31 (U.T.) on May 14, 1989,

.
&

Figure II-3. Satellite Map for 19
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Figure I4  Topeka, Kansas Upper Air Sounding.

At the time of the sounding, the air mass is relatively stable with a lifted index 0f 2.2 °C.
However, at 19:00 U.T., near the time of the storm development, the surface temperature had
increased to 23.3 °C with the same dewpoint temperature as before, creating a drier, more
unstable environment with a lifted index of -1.4 °C and a near dry lapse rate of 8.75 °C/km in

the lowest 1.5 km. As Srivastava (1985) pointed out, microburst activity can be accelerated in the
subcloud region by evaporation for any rainwater mixing ratio, given a near dry lapse rate below
cloud base. Since this lapse rate differs slightly from a dry lapse rate, slightly more water would
be required to drive the downdraft than for a dry lapse rate.

4) AUGUST 28, 1989 DATA
4a)  Single-Doppler Radar Data
The following two tables are the single-Doppler data for the second storm which

occurred on August 28, 1989, Table II-12 lists the PPI plots to be used in identifying the same
precursors as outlined earlier. Only data from the FL-2 site are included for the same reasons as

for the May 14, 1989 storm.




Table I-12. FL-2 PPI Plots for August 28, 1989,

Elevation Reflectivity Velocity

Time (U.T.) Angle Plot Plot
21:39:45 13.1° Figure II-35
21:40:21 15.6° Figure II-27 Figure ITI-36
21:40:29 18.6° Figure III-26

21:40:35 21.8° Figure III-32
21:42:29 6.7° Figure ITI-31
21:43:27 15.6° Figure ITT-28

21:45:33 8.8° Figure IMI-30

21:46:25 15.6° Figure II1-29

Table 1I-13 lists the RHI data used for the study of the August 28, 1989 microburst. This
data will be used to recognize the same precursor signatures outlined in the May 14, 1989 micro-
burst discussion. No RHIs are available earlier than 21:41:27 due to the fact that the radar was
not scanning RHIs in the area. The two RHIs are not aimed exactly at the core locations but are
the closest available.

Table II-13, FL-2 RHI Plots for August 28, 1989,

Azimuth Reflectivity/Velocity

Time (U.T) Angle Plot
21:41:33 68.0° Figure I-24
21:47:30 66.0° Figure II-25

4b)  Dual-Doppler Radar Data

Table II-14 shows the dual-Doppler surface plots to be used in the interpretation of the
surface precursor signatures. As in the May 14, 1989 storm, the smoothed wind plots have had
the average environmental wind component removed from the observed wind field. More plots
are included in the study of this storm due to the complex structure of the outflow. The complex-
ity of the outflow is a result of many concurrent microbursts in the area creating colliding out-
flows. The resolution of the plots is 120 meters since the UND radar was using a pulse-paired
processing technique which essentially doubled the resolution of that radar and consequently the
resolution of the dual-Doppler analyses. Plots times correspond (in order) to the following
events: initial outflow, peak radial velocity, peak radial shear, algorithm coast, and the dissipating
outflow. A coast is performed every time a microburst drops below 10 m/s, in which most of the
time, the microburst is dissipating. However, as in this case, the microburst may reattain the 10
m/s winds and continue. The coast occurred at 21:54:09 and accounts for that missing time
period in Table II-16.
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Table II-14. Dual-Doppler Surface Plots for August 28, 1989,

Uv Wind Component
Time (U.T.) Removed (m/s) Winds Event
21:46:55 21/+59 Figure ITI-18 Initial Outflow
21:48:56 -12/+56 Figure II1-19 Peak Velocity
21:50:52 -12/+50 Figure I1-20 Peak Shear
21:54:09 -1.5/+36 Figure II-21 Coast
21:55:14 -14/+32 Figure II-22 Dissipation

4¢) Microburst Recognition Algorithm Output

The following tables are the output from the microburst recognition algorithm. As
mentioned earlier, the algorithm can attribute features to the wrong microburst when the indi-
vidual microbursts are located close to each other. At instances where this occurs, substitutions
or deletions in the algorithm data will be noted.

Table II-15 is a summary of the microburst event. This microburst started at 21:46:55
(U.T.) and lasted for only about 8 minutes. Compared to the average microburst lifetime of 13
minutes (Hjelmfelt, 1988), this is a relatively short lived event. The diameter of the microburst
never exceeded 2.2 km, making this microburst a rather small microburst compared to the
average size of 3.1 km (Wilson et al, 1984). The maximum radial velocity was 17 m/s, less than
the average value of 22 m/s (Wilson et al, 1984). As a result of the small diameter, the average
radial shear was 7.45 m/s/km which is somewhat larger than the average value of 7.10 m/s/km
indicating that this was a somewhat intense microburst despite the below average radial veloci-
ties. This would be classified a moderate (15 - 19 m/s) microburst based upon the categories set
up by Biron and Isaminger (1989).

Table II-15. Microburst Characteristics for August 28, 1989.

Start Time (U.T.) ) 21:46:55

End Time (U.T.) 21:55:14
Average Range Center 16.95 km
Average Range Center Difference 1.85km
Average Azimuth Center 67.90°
Average Radial Velocity Difference 13.13 m/s
Average Radial Shear 7.45 m/fs/km
Maximum Radial Shear 11.54 m/s/km
Maximum Radial Velocity Difference 17.0m/s

Table I1-16 is a list of the surface outflow features of the microburst. As in the May 14,
1989 microburst, there is some variability in the location of the center of the outflow. This could
be due to asymmetry but could also be caused by the fact that this storm produced many
microbursts, several of which were occurring simultaneously. In fact, three other microburst
outflows were located within three kilometers of the outflow and it is highly likely that the out-
flows were interacting, thus distorting the center of the outflow under consideration.
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Table II-16. Surface Outflow Characteristics for August 28, 1989.

Radial Velocity Radial Radial
Time (U.T.) RAC Difference Distance Shear
(m/s) (km) (m/s/km)

21:46:55 16.9/63.2° 11 22 5.00
21:47:53 16.8/66.4° 12 1.9 6.32
21:48:56 16.9/64.5° 17 22 7.73
21:50:01 17.1/69.1° 15 1.6 9.37
21:50:52 16.9/69.8° 15 13 11.54
21:51:58 17.0/71.0° 14 1.5 9.33
21:53:03 17.0/70.1° 10 22 4.54
21:55:14 17.0/69.1° 11 19 5.79

During the lifetime of this microburst, the data contains a gap between 21:53:03 and
21:55:14 where the minimum velocity of 10 m/s was not detected at 21:54:09. This is the afore-
mentioned algorithm coast. In this case, the outflow had not dissipated yet and produced 11m/s
one minute later and then dissipated. The outflow structure at the time of the coast is quite
apparent on dual-Doppler plots and will be discussed further in the Analysis ofData section.
Three minutes after the end of this microburst, another microburst reached full strength just 3
km away. This creates the illusion that the microburst under study had simply moved eastward
when in fact it had dissipated.

Table II-17 is a list of the microburst reflectivity core attributes. The core locations suffer
from the same type of erratic behavior as in the May 14, 1989 microburst but to a greater degree.
This is most likely caused by: 1) the movement of the reflectivity maxima in the reflectivity field
as mentioned earlier, and 2) the evaporation of the core associated with the microburst, causing
the algorithm to attribute neighboring reflectivity naxima to this microburst. This is an example
of when this works to a great disadvantage since the actual core associated with the microburst
probably remained collocated with the outflow but had a lesser reflectivity, thus being ignored by
the algorithm. A suggestion for the algorithm programming would be to consider evaporation
processes and look more closely for the reflectivity maxima or minima in the case of extreme
evaporation.

The plain text data are those considered to be truly associated with and correctly attrib-
uted by the algorithm to the microburst. The bold-faced data was attributed by the algorithm to
this microburst but is most likely not associated with this microburst for two reasons: 1) the
reflectivity cores were much closer to other microburst events, or 2) the higher reflectivity areas
were not associated with any microburst events and were located in an area of the storm not
involved in microburst production. The algorithm only attributed other reflectivity core areas to
this microburst and not the other way around: no other core areas associated with this
microburst were incorrectly attributed to other microbursts,
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Table II-17. Microburst Reflectivity Core Locations for August 28, 1989.

Time (U.T.) RAC Height (kan) Core dBz
21:42:43 14.8/59.1° 29 54
21:45:13 16.4/56.2° 0.6 49
21:45:20 17.1/59.3° 1.3 51
21:45:33 16.5/62.0° 26 53
21:45:56 15.5/64.7° 0.1 48
21:46:39 12.1/57.1° 48 46
21:47:05 9.7/61.9° 5.6 51
21:48:46 20.5/68.0° 4.0 52
21:48:56 17.5/70.5° 0.1 48
21:49:06 20.7/68.8° 4.3 48
21:49:31 14.8/62.6° 4.1 50
21:49:38 13.2/66.3° 4.4 53
21:49:45 12.8/58.8° 5.1 56
21:50:01 18.0/70.9° 0.1 48
21:50:52 17.8/70.2° 0.1 43
21:50:58 21.9/70.9° 04 43
21:51:03 16.6/61.9° 0.6 33
21:51:09 17.0/63.4° 0.9 53
21:51:19 18.2/65.9° 1.6 48
21:51:25 22.2/63.3° 23 49
21:51:30 16.1/64.7° 2.0 52
21:51:58 18.5/76.2° 0.1 47
21:52:03 18.3/74.9° 0.3 48
21:52:09 17.8/72.9° 0.6 48
21:52:14 18.3/72.4° 1.0 49
21:52:19 16.9/66.2° 12 52
21:52:25 16.6/65.5° L5 53
21:52:30 17.2/66.4° 1.8 53
21:53:14 17.2/66.5° 0.6 51
21:53:20 17.4/66.5° 0.9 48
21:53:25 17.3/65.3° 12 54
21:53:30 17.5/63.9° 1.5 52
21:53:36 18.5/66.6° 19 46
21:54:20 17.9/65.7° 0.6 53
21:54:25 18.3/65.4° 1.0 53
21:54:30 17.7/64.9° 1.2 53
21:54:36 17.4/66.5° 1.5 48
21:54:41 17.5/67.0° 1.8 55
21:54:46 17.9/66.6° 22 53
21:55:14 18.2/63.9° 0.1 49
21:55:19 18.1/64.3° 0.3 51
21:55:25 19.1/66.3° 0.7 49
21:55:30 18.3/63.8° 1.0 49
21:55:35 18.7/66.2° 13 51
21:55:41 18.3/66.5° 1.6 53
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Table 1I-18 shows the cyclonic rotation recognized by the algorithm. This rotation is
interesting since it existed for only one volume scan and then dissipated. Table II-19 lists the
anticyclonic rotation detected by the algorithm. Bold type is data incorrectly attributed to
another microburst, where the rotation was much closer to this microburst event. Italic type is
data wrongly attributed to this microburst, where the data was much closer to another microburst
event.

Table II-18. Mid-Level Cyclonic Rotation for August 28, 1989.

Radial Velocity

Time (U.T.) RAC Height (km) Difference (m/s)
21:48:32 17.0/71.3° 2.0 11
21:48:39 17.0/72.8° 27 14
21:48:56 16.8/74.8° 33 11
21:49:06 16.8/74.7° 39 14
21:49:31 18.4/78.1° 52 22
21:49:38 18.0/78.7° 6.1 26
21:49:45 18.0/75.2° 72 19
21:49:52 16.6/77.2° 82 23

Table II-19. Mid-Level Anticyclonic Rotation for August 28, 1989

| Radial Velocity
Time (U.T.) RAC Height (km) Difference (m/s)
21:39:45 12.9/57.6° 3.0 30
21:40:21 14.6/62.8° 4.1 29
21:40:35 14.2/60.7° 56 14
21:42:36 15.2/58.6° 24 19
21:42:43 15.7/60.3° 3.0 28
21:43:02 15.5/63.10 3.6 23
21:43:27 15.9/69.6° 45 26
21:45:33 16.1/63.1° 2.5 16
21:45:40 18.2/64.6° 35 19
21:45:47 16.8/66.1° 4.0 15
21:46:25 16.7/68.8° 4.7 20
21:48:32 17.4/66.3° 2.0 14
21:48:39 16.9/68.0° 26 19
21:48:46 17.1/69.0° 33 18
21:49:06 16.6/71.8° 39 19
21:49:31 17.6/72.5° 49 21
21:49:38 18.0/73.1° 6.2 25
21:49:45 16.3/70.8° 6.6 22
21:49:52 17.1/67.7° 8.3 24
21:51:30 17.4/69.9° 22 10
21:52:35 17.7/69.9° 22 13
21:53:36 18.1/70.2° 19 13
21:53:41 17.5/70.5° 22 14
21:54:41 18.2/70.7° 19 13
21:54:46 17.7/70.0° 22 11
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Table II-20 shows the upper-level divergence recognized by the algorithm. Only one
instance was correctly attributed (plain text) by the algorithm to this microburst while the bold
faced data was incorrectly attributed to another, more distant microburst. The two RHI plots
show that upper-level divergence did in fact exist during periods other than those recognized by
the algorithm. The RHIs indicate divergence at 16/68° on 21:41:33 and at 18.5/66° on 21:47:30.
Upper-level divergence could not be determined past 21:50:25 because the scan strategy of the
FL-2 radar did not scan high enough to determine features at that height. Table II-21 is the
convergence as detected by the algorithm. The data in bold face was incorrectly attributed to a
distant microburst while the plain text data was incorrectly attributed to this microburst despite
the fact it was much closer to another microburst.

Table II-20. Upper-Level Divergence for August 28, 1989.

Radial Velocity
Time (UT.) RAC Height (km) Difference (mvs)
21:44:14 16.9/66.5° 11.6 14
21:44:21 13.8/62.20 11.8 13
21:50:19  © 17.5/73.I° 12.5 20

Table II-21. Mid-Level Convergence for August 28, 1989.

Radial Velocity
Time (U.T.) RAC Height (km) Difference (m/s)
21:42:29 * 15.2/59.5° 1.7 11
21:49:06 14.7/76.7° 34 13

4d)  Synoptic Situation

By viewing the surface map for for 21:00 U.T. (Figure II-5), a weak cold front can be seen
extending from the Dakotas to the desert southwest. A trough axis extends from near the Great
Lakes region to near southern Kansas City, Missouri. Mild convergence exists near Kansas City
as a result of the trough axis. Although tbe surface map does not show this entirely, I believe the
convergence zone created by the trough axis actually extended further west than depicted, to
western Kansas City, Kansas. This is supported by the east winds at Kansas City compared to the
surrounding flow pattern. This convergence set off the storm which is visible near Kansas City
on the satellite map of 21:31 U.T. (Figure II-6).

The sounding for Topeka, Kansas (Figure II-7) at 12:00 U.T. on August 28, 1989 indi-
cates a fair amount of moisture aloft with a somewhat drier layer from the surface up to 2 km.
Near the time the storm developed, the temperature and dew point had risen to 30.6°C and
24.4°C, respectively. The lifted index at the time of the sounding was a stable 2.5°C but destabi-
lized significantly to -63°C at the time of storm development. The lapse rate in the lowest 2 km
at the time of storm development was only 6.6°C/km. Based upon this lapse rate, a significantly
greater amount of moisture would be required than for a dry lapse rate (based upon Srivastava,
1985), but microburst activity can certainly still be forced by evaporation processes in this
environment. a1
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5) SUMMARY

Both of these storms developed in relatively stable and somewhat dry environments. In
both instances, surface convergence due to a trough axis or shear line played a key role in storm
development. The atmosphere itself contained dry layers aloft.

The microburst recognition algorithm detected all of the precursors associated with the
May 14, 1989 storm, but had a difficult time with the August 28, 1989 storm. These mislabeled
data were a result of features being attributed to more distant microbursts rather than the
microburst with which it was in close proximity. In addition, in the case of the August 28, 1989
storm, it was found that additional information could be added by including features recognized
from RHIs. In instances where either substitution or deletion was made, the data was high-
lighted to indicate what data was to be used.

O ANALYSIS OF DATA

For each storm, the microburst precursors recognized by the microburst recognition
algorithm will be studied in conjunction with the radar data in order to determine the forcing
mechanisms of the 5/14/89 and the 8/28/89 microbursts. Later, the microburst events will be
compared and contrasted.

1) MAY 14 FORCING MECHANISMS AND PRECURSORS

For each storm, the first step in the analysis will be to show the surface divergence feature
and then compare the important temporal features of the microburst outflow with the upper-air
precursors. The last step will be to summarize the precursors involved in the microburst and
state a hypothesis as to the forcing mechanisms of the microburst, as well as discuss the perfor-
mance of the microburst recognition algorithm. During the study of the timing of the precursors,
comparisons will be made to previous works and the moderate reflectivity model.

la)  Surface Divergence

The set of three dual-Doppler smoothed winds plots show the outflow throughout its
lifetime: initial outflow (Figure III-1), peak (Figure I1I-2) and dissipating (Figure II-3). The -
smoothed winds have had the mean wind removed in order to show the direction of the actual
winds associated with the microburst outflow. Figure ITI-1 is the winds analysis for 19:26:23, the
first time the outflow reached 10 m/s. The outflow is located in the left central portion of the
plot at xy grid point (19,43). An interesting phenomena associated with this microburst is the
asymmetrical shape of the ontflow. The asymmetry is quite apparent since the outflow is con-
fined mainly to flowing north, south and somewhat east.

Figure ITI-2 is the winds analysis for 19:38:42, the time of the peak radial velocity and also
the peak radial shear. The center of the outflow is at xy grid point (31,27). The asymmetrical
shape of the outflow is even more apparent and is confined to flowing northeast, east and south.
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Figure I-3 is the winds analysis for 19:56:40, the last time the algorithm detected a radial shear
of 10 m/s. The center of the outflow is positioned at (31,35). The asymmetry is still quite appar-
ent and is confined to mostly north and south directions.
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Figure IMI-3.  19:56:40 Dual-Doppler Winds and dBz Plot.

Microburst asymmetry is of particular concern to aviation since an asymmetrical
microburst can have its stronger winds oriented perpendicular to a Doppler radar such that the
radial velocity never appears to exceed 10 m/s. This outflow has significant asymmetry and this
is easily seen in Figure III-4: a plot of the FL-2 observed velocity compared to the velocity ob-
served by UND. In this case, the UND radar had difficulty observing the winds due to its orien-
tation to the microburst and would not have issued a microburst alert in an operational mode
despite the high winds that were actually present. Microburst asymmetry has been noted previ-
ously in microbursts in various parts of the country by Isaminger (1989), Eilts (1987) and others,
with typical ratios on the order of 2 to 3:1. This microburst had an asymmetry ratio of about 3:1.

Microburst asymmetry is a relatively common occurrence and this is one of the argu-
ments for developing a dual radar system to detect microbursts. The comparison of the observed
velocities of both radars is only valid for single-cell storms with few concurrent surface outflows.
This is because the combining of two or more microburst outflows may cause the outflows to
appear asymmetrical due to contamination by other outflows. For this reason, microburst
asymmetry will not be addressed in the multi-cellular August 28, 1989 storm.
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1b)  Descending Reflectivity Core

Figure ITI-5 is a plot of the highest and lowest points the algorithm detected the
reflectivity core for each volume scan. Based upon this plot, the reflectivity core begins descend-
ing between T-7 and T-S. Based upon the moderate reflectivity model (Table 1-2), this is the
typical time of descent for the core. The reflectivity core reaches the surface at T-3 and by T=0
is collocated with the microburst outflow, which is in accordance with the moderate reflectivity
model. A series of RHI plots does the best job of illustrating the descent of a high reflectivity
area. Unfortunately, neither the FL-2 radar nor the UND radar were scanning RHIs in the
vicinity of the microburst until near 19:30:00, thus limiting the depiction of the descent of the
core to RHISs after this time. A series of three RHIs will be used to display the descent: Figure
III-6 (19:30:15), Figure III-7 (19:33:16) and Figure ITI-8 (19:39:32). Figures ITI-6 and 7 are at
azimuth 14° and dont initially show where the 45 dBz area reached the ground since it reached
the surface first at azimuth 10°, some seven minutes earlier. However, by viewing the three RHI
plots, the descent of the core can be seen to continue over the nine minute period.
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Figure III-S.  Core Structure and Outflow Characteristics for May 14, 1989.
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The asymmetry mentioned earlier may be a result of either the easterly storm motion or
the shape of the reflectivity core throughout the storm. In the case of the reflectivity core, by
comparing the reflectivity plot of 19:28:22 (Figure ITI-9) and the reflectivity contours on the
surface winds plot (Figure III-1), it can be seen that both display the same asymmetrical shape.
The asymmetry of the core could be due to the fact that the storm developed along the shear axis
illustrated in the surface and satellite illustrations.
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1lc)  Mid-Level Convergence

Convergence into the storm was first detected by the algorithm at T-4.4 and continued
steadily until T+ 14 and is apparent in Figure III-10. The series of three RHI velocity plots for
19:30:15 (Figure ITI-11), 19:33:16 (Figure II-12) and 19:39:32 (Figure ITI-13) illustrate the
convergence into the storm. Over time, the convergence dissipates somewhat in areal extent and
strength. The convergence peaks stightly about four minutes prior to the peak in the microburst
winds and displays some even more subtle peaks as the outflow intensifies. The timing of the
convergence differs from the values suggested by the moderate reflectivity model (Table I-2) in
which convergence should have been present by T-10, increased by T-5 and continued increasing
until T=0, The convergence can be considered increasing near T-4.4 since this is when it at-
tained 10 m/s of velocity difference. However, after this point the convergence continues rather
steadily but does peak several times during the intensification of the outflow. Roberts and
Wilson (1989) pointed out that convergence is expected to be increasing with the descending
core, and the peaks in convergence satisfy these expectations.
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Figure I1I-10. Convergence and Outflow Velocities for May 14, 1989.
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The convergence into the storm is most likely a result of the shear axis shown to exist
near the area on the surface maps. Despite the fact that the shear line is not entirely evident on
the surface maps, this is probably due to the fact that the convergence is elevated to a height of
about 2 to 3 kn as is apparent in the RHISs.

1d)  Upper-Level Divergency

Figure ITI-14 is a plot of the upper-level divergence as detected by the algorithm. Upper-
level divergence is first detected at T-2.7 and continues with some variation until T+ 12.7. The
upper-level divergence is visible on the RHI velocity plots of 19:30:15 (Figure III-11), 19:33:16
(Figure III-12), and 19:39:32 (Figure III-13). The upper-level divergence peaks at the time that
the outflow first reaches microburst strength.
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Figure IlI-14. Upper-Level Divergence and Outflow Velocities for May 14, 1989.

It is apparent that over time the upper-level divergence is increasing in areal extent,
indicating that it is not caused entirely by an updraft. It also could be the result of synoptic scale
flow such as the shear axis upon which this storm formed, in which flow over the converging air
mass could appear as divergence aloft.
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le)  Mid-Level Rotation

Of the two types of rotation, anticyclonic rotation was the most prevalent during the
lifetime of the microburst. Figure III-15 shows the anticyclonic rotation as detected by the
algorithm compared to the strength of the outflow. The anticyclonic rotation was first detected
at T+2 and continued fairly steadily until T+ 17. An example of the anticyclonic rotation is
shown in Figure III-16, the PPI velocity plot of 19:31:31. The anticyclonic rotation shows a subtle
peak at the time that the peak winds of the microburst are attained. Biron et al (1990), noted
that anticyclonic rotation peaked slightly after the peak winds in a Kansas City microburst.
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Figure II-15. Anticyclonic Rotation and Outflow Velocities for May 14, 1989.
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Cyclonic rotation existed for brief moments at two time periods: at T-3 and at T+6. The
cyclonic rotation was not included on the figure since it would have only constituted two points.
The PPI velocity plot of 19:23:01 (Figure III-17) illustrates the rotation. In the moderate
reflectivity model (Table I-2), rotation may be evident by T-5 and more obvious by T+5. This is

true in this case since cyclonic rotation appeared at T-3 and anticyclonic rotation continued until
T#17.
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1f)  Hypothetical Forcing Mechanisms

This microburst was probably caused by precipitation drag and subcloud evaporation
and/or incloud evaporation. This is supported by the rapid loss of reflectivity over time and the
constant convergence into the storm, supplying dry air which instigated evaporation. This is
supported by Roberts and Wilson (1989) who noted that convergence is often in association with
a descending core, which suggests that a downdraft is initiated within the cloud by precipitation
drag forces and is accelerated by evaporational cooling as dry environmental air converges into
the downdraft. Roberts and Wilson (1987) had noted previously that evaporative cooling is
evidenced by convergence and a descending reflectivity core.

Anticyclonic rotation developed after the initial onset of high winds and indicates that
this rotation was caused by stretching of existing vorticity in the cloud. The brief initial period of
cyclonic rotation could have been caused by vorticity stretching also. The second period of
cyclonic rotation coincides with the continuing descent of the core (visible on the RHI series)
and could have been a result of another brief stretching of vorticity during this time period.
Roberts and Wilson (1987) and others pointed out that rotation which develops after the core
begins its descent can be indicative of vorticity stretching by an accelerating downdraft.

2) AUGUST 28 FORCING MECHANISMS AND PRECURSORS
2a)  Surface Divergence

Five plots are required to sufficiently display the microburst outflow under study. This is
due to the multi-cellular structure of the storm and also the fact that several microbursts were
acting concurrently nearby with the microburst of interest. Since the interpretation of the sym-
metry of the outflow is meaningless due to the closeness of the neighboring outflows, it will not
be discussed.

Figure III-18 (21:46:55), is for the time of the initial outflow. The outflow center is
located at xy grid point (38,30). Figure III-19 is for 21:48:56, the time of the peak radial velocity,
in which the outflow center is now located at xy grid point (41,24). The complexity of the out-
flows from this storm are readily apparent, and this complexity increases during the microbursts
lifetime, as is apparent in later plots.

Figure ITI-20 (21:50:52) is for the time of the peak radial shear, and the outflow center is
located at xy grid point (41,29). Figure III-21 is for 21:54:09, the time the algorithm “coasted” the
microburst because the apparent velocity was less than 10 m/s. This plot is included to illustrate
that the outflow pattern was indeed apparent, however the algorithm did not detect the neces-
sary 10 m/s threshold in the winds. The outflow center is located at xy grid point
(42,23).

Figure III-22 (21:55:14) is for the time the outflow dissipated below the 10 m/s threshold.
The outflow center is located at xy grid point (41,25). This dissipation of this microburst is not
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readily apparent from the plots themselves, but this is due to the fact that a new microburst is
developing immediately east of the microburst and will be at xy grid point (58,27). The outflow

of this new microburst obscures the dissipating one and gives the appearance that the same
microburst is continuing.
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2b)  Descending Reflectivity Core

Due to the scarcity of correct reflectivity core locations as recognized by the algorithm,
Figure III-23, which is based upon the algorithm data, does not adequately display when the
reflectivity core started its descent other than starting at T-2. However, the use of the actual
radar data is helpful in inferring when the descent began. The two RHIs of 21:41:33 (Figure III-
24) and 21:47:30 (Figure II-25) illustrate the dramatic loss of reflectivity (at a range of 14-16 km)
during this six minute period and suggest that the core began its descent between T-5.3 and
T+0.6. The PPI reflectivity plot of 21:40:29 (Figure II-26) and the PPI reflectivity plot of
21:40:21 (Figure II-27) show the large area of reflectivity which existed aloft near 14 km/62".
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Figure III-23. Core Structure and Outflow Characteristics for August 28, 1989,
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By the PPI reflectivity plot of 21:43:27 (Figure III-28), the core area has now descended
to this height where it did not exist previously and has decreased in intensity aloft (not shown).
Based upon this series, the time when the core began its descent can be refined more than from
the RHI estimate to have began its descent between T-6.4 and T-3.5, which corresponds to the
timing of the moderate reflectivity event (Table I-2). The continuing descent of the core is
evident in the reflectivity plots of 21:46:25 (Figure III-29), in which the core area has now de-
scended past this height, and in 21:45:33 (Figure III-30) which shows the highest point that the
core exists at this time in the area of the microburst. The fact that a downdraft now exists is
supported by Roberts and Wilson (1987), who state that the observation of a descending core
with the dissipation of the reflectivity echo aloft is indicative of the presence of a downdraft.
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The reflectivity core reaches the ground at T-1.4 and by the time the microburst reaches,
10 m/s intensity, it is initfally collocated with the outflow as is apparent in the dual-Doppler plot
of 21:46:55 (Figure III-18), as expected in the moderate reflectivity model (Table I-2). In previ-
ous research by Roberts and Wilson (1987), it was found that 31 of 31 microbursts initially had
reflectivity cores collocated with microburst outflow. In between the plot times of 21:48:56
(Figure III-19) and 21:50:52 (Figure III-20), the reflectivities start to decrease at the center of the
outflow, which hints at evaporation processes. By 21:54:09 (Figure III-21), the areal extent of the
40 dBz area has decreased further, where the unlabeled isolines are 30 dBz contours, indicative
of evaporation continuing.

2¢)  Mid-Level Convergence

Convergence into the storm was detected at only two times by the algorithm, both of
which are valid. The first was at T-4.4 and the second at T+2.2. The velocity plot of 21:42:29
(Figure III-31) illustrates the convergence into the storm. However, the RHI of 21:41:33 (Figure
II-24) indicates weak convergence ( < 10 m/s) at a height of 4 km at 15.5 km/68°, and Figure
IT1-32 also indicates fairly strong convergence high in the storm (6.2 km) at 15.5 km/65°. The
convergence found on Figure 1II-32 was missed by the algorithm while the convergence on the
RHI is too weak to be considered significant. The significance of convergence so high in the
storm is unknown, except for the possibility of flow into the top of the descending core. The
convergence into this storm does not follow the timing or duration of the moderate reflectivity
event (Table I-2), suggesting that convergence did not play a major role in the formation of this
microburst, compared to the typical microburst event. Due to the limited amount of data points,
no plot was made comparing the convergence to the outflow velocity.

2d)  Upper-Level Divergence

The algorithm detected upper-level divergence at T-2.7 and at T+3.4. The algorithm
missed detection of upper-level divergence between these two time periods because it was
occurring between the scans of the radar. Additional data can be added to the study of this
microburst by using the two RHI plots, which indicate upper-level divergence occurring at
heights that were also between the scans of the radar. The additional data changes the starting
time period during which the upper-level divergence first existed to T-5.4 and lasting until T+3.4
and is visible in Figure I-33. The period of the microburst to the peak winds is marked by a
dramatic increase in the upper-level divergence which dissipates soon after the peak winds are
attained. Isaminger (1988) noted that the strengthening of divergent tops is a precursor to the
maximum outflow intensity, and this is certainly true in this case.

Table -1, Upper-Level Divergence based upon RHI Analysis,

Height Radial Velocity
Time RAC (km) Difference
21:41:33 16.0/68° 6.5 15m/s
21:47:30 18.5/66° 85 15m/s
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Figure II-33. Upper-Level Divergence and Outflow Velocities for August 28, 1989.
2e)  Mid-Level Rotation

Anticyclonic rotation developed at T-7.2 and continued until T+ 7.8 and is visible in
Figure ITI-34. The initial rotation was very intense with a radial velocity difference of 30 m/s
which gradually diminished as time passed. The intense rotation is visible in Figures III-35 and
ITI-36 and is associated with a reflectivity notch aloft (Figure IT-26). Cyclonic rotation developed
for only a short time period and was captured within one volume scan by the radar. The cyclonic
rotation began at T+ 1.6 and lasted only until T+2.9. The location of the rotation is between the
microburst event under study and another event, and it is possible that the rotation lasted for
only a brief moment because it was associated with vorticity stretching cansed by the descending
core associated with another microburst. Another possibility is that it developed due to the shear
created by the column of anticyclonic rotation associated with the microburst under study. The
anticyclonic rotation has a second peak near the time of the peak winds and another subtle peak
when the winds picked up a little at the end of the microburst.

This case differs significantly from the moderate reflectivity event (Table I-2), in that the
rotation is not more obvious by T+5. However, Roberts and Wilson stated that rotation may
exist at or above 3 km and be associated with a reflectivity notch above 4 km at T-5, and this is
exactly what is occurring in this storm. Biron et al (1990) discussed a microburst in which the
antirotation peaked slightly after the peak outflow velocity, and this is also occurring in this
microburst where a peak in the rotation is observed soon after the maximum outflow velocity.
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2f)  Hypothetical Forcing Mechanisms

The forcing mechanisms for this microburst are subcloud and incloud evaporation, and
vertical pressure gradients. The evaporation is evidenced by the loss of reflectivity at the surface
as well as within the cloud as a result of the subcloud lapse rate, Since the core started descend-
ing between the times given above and convergence started when it did, these two features are
good evidence of a downdraft. Roberts and Wilson (1987) stated that evaporational cooling is
evidenced by convergence, particularly when associated with a reflectivity notch and/ or a dry
layer. The reflectivity notch existed as well as the somewhat dry air in the subcloud region. The
reflectivity notch may not necessarily be linked entirely to evaporational processes, though. 1
propose that the strong rotation created a non-hydrostatic balance which initiated the descent of
the core. Roberts and Wilson (1987) noted that vertical pressure gradients are evidenced by
rotation.

Kessinger et al (1988), discussed a multi-cellular storm in which it is shown that a
misocyclone causes a downward directed vertical pressure gradient because the rotation slings
out mass, thus lowering the pressure. This results in high pressure aloft relative to the low
pressure within the rotation thus creating a forcing mechanism. Roberts and Wilson (1987)
noted misoscale rotation in 24 of 31 microbursts studied. Kessinger et al (1986) found a
misocyclone located inside a downdraft associated with a reflectivity notch. This is interesting
because a reflectivity notch appeared aloft at the same time as the misocyclone (Figure ITI-26).
Roberts and Wilson (1989) said that rotation and reflectivity notches do not appear to be reliable
predictors by themselves, but when observed coincidentally with a descending reflectivity core
and convergence, they increase the likelihood that a microburst will occur. Isaminger (1989) was
much more certain of a connection and stated that the combination of rotation and a reflectivity
notch was a good predictor for a microburst event.

3) Comparison of Model and Events

Figures ITI-37 and ITI-38 illustrate the different processes associated with each
microburst. Figure III-39 illustrates the differences in timing of the two events compared with
the moderate reflectivity model. By viewing these three figures, a quick interpretation of the
differences between the events can quickly be made. Both Figures HI-37 and III-38 are very
similar to the typical microburst event of Figure I-2. The differences are all in the timing of the
precursors themselves. Both events are accelerated in the subclond region by evaporation.
Convergence plays a role in supplying dry environmental air for both events. Both events de-
velop rotation associated with vorticity stretching and have descending reflectivity cores.

The main difference between the two events themselves is how they were initiated. The
August 28 microburst was initiated by vertical pressure gradients created by a misoanticyclone,
while the May 14 microburst was initiated by precipitation loading. Divergent tops peak at the
time of the maximum winds for the August 28 microburst but peak at the time of the initial winds
in the May 14 microburst. The August 28 storm develops a reflectivity notch {most likely a result
of the misocyclone) while the May 14 storm does not.
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Despite the fact that the August 28 storm was multi-cellular while the May 14 storm was
not, both displayed the classic microburst precursors of a descending reflectivity core, conver-
gence, rotation, and surface divergence. Compared with the timing of the moderate reflectivity
event (Figure ITI-39), it is readily apparent that several similarities exist. The timing of the
descent of the reflectivity core for both events closely matches that of the model. The timing of
the rotation shows some deviation from the model in that the August 28 storm had rotation for a
larger block of time while the May 14 storm had rotation for a shorter block of time.

The main differences between the model and the two events are that the May 14 storm
did not develop a reflectivity notch and the August 28 storm only had weak, intermittent conver-
gence. The differences in the timing and persistence of the rotation in both storms compared to
the model is due to the different forcing mechanisms of the two events. The August 28
microburst developed rotation earlier due to the misocyclone which developed the vertical
pressure gradients which initiated the descent of the reflectivity core. The rotation associated
with the May 14 event developed mostly after the microburst started, most likely in response to
the contimuing descent of the reflectivity core (illustrated earlier) which resulted in stretching of
vorticity.

4) SUMMARY AND ALGORITHM PERFORMANCE

Campbell and Isaminger (1990) found that 94.4% of Kansas City microbursts were
associated with a descending reflectivity core, 77.8% with convergence, 722% with upper-level
divergence, and 77.8% with either type of rotation. The two microbursts studied in this thesis
both display descending reflectivity cores and rotation. However, one storm had much more
persistent convergence while the other had more persistent upper-level divergence. Compared
to the percentages given above, the preponderance of the features in both of the storms seem to
conform to a pattern of the typical Kansas City microburst, except for the fact that both storms
have lower reflectivities than the typical Kansas City microburst.

Based upon the reflectivity values, these microburst events were classified as moderate
reflectivity events. The differences in the timing of the various precursors is most likely due to
the different forcing mechanisms. The moderate reflectivity model presents an ideal case based
upon empirical observations, and deviations from this should be expected to occur as a result of
the variety of different ways that a microburst can develop. Based upon this, I conclude that
these two microbursts belong to the set of average events.

The major distinction is that these events are of a lower reflectivity class, which created
havoc with the microburst recognition algorithm since it is tuned to high reflectivity storms.
Consequently, in order to accurately detect events such as these, the algorithm must have more
versatile reflectivity criteria. Biron and Isaminger (1989) noted that the algorithm had difficulties
detecting Kansas City microbursts with lesser reflectivities (< 55 dBz) and noted that the thresh-
old for the maximum reflectivity could be lowered to 51 dBz without damaging 112the detection
rate. However, this would be insufficient for both storms, especially the May 14 storm which had
difficulties maintaining even the minimum reflectivity core requirement of 45 dBz. The best
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solution would be to include the moderate reflectivity model in the algorithm and develop a
method that allowed the algorithm to decide which reflectivity class the current microburst
belonged. The algorithm should also incorporate the use of RHI data, since it was shown that
precursors occasionally slip in between the scans of the radar. The RHI data could also be used
to verify precursors detected on PPI scans. An additional improvement that can be made on the
algorithm concerns the methodology associated with assigning precursors to individual
microbursts. It was shown that the algorithm had great difficulty with the multi-cellular storm
mainly as a result of insufficient resolution of the reflectivity field. This can be corrected by
improving the methodology for selection and vertical integration of the features.

D) CONCLUSION

Microbursts have been affecting aviation for quite some time and strong outflows have
been noted by scientists as far back as the 1950s. Microbursts have been implicated in many
airplane crashes, and were defined to be a strong outflow with a radial velocity difference of at
least 10 m/s over 4 km. A major effort to recognize and predict the microburst event was under-
way by the 1980s and significant achievements have been made. Through the use of Doppler
radar, algorithms have been developed which are capable of recognizing the microburst event
and, very recently, even predicting them (Campbell and Isaminger, 1990).

One of the leading microburst recognition algorithms is used in this thesis to study two
microbursts which occurred on two summer days in 1989. It was found that the algorithm per-
formed very well on simple, single-cellular storms such as that of May 14, but struggled with the
more complex, multi-cellular storms such as August 28. Previous studies have noted these
weaknesses, and improvements are currently underway. The algorithms chief difficulty was its
inability to recognize reflectivity cores of a lower reflectivity class. Several improvements for the
algorithm were suggested. These were: 1) to use RHI data in addition to PPI data to verify
precursors-and also to detect precursors which have slipped in between the scans of the radar, 2)
add the moderate reflectivity model to the algorithm and incorporate a method of determining
which reflectivity class a microburst is a member of, and 3) improve the methodology of precur-
sor selection with regards to improper precursor to microburst assignment.

Of the two microbursts studied, it was found that subcloud evaporation played a signifi-
cant role in the acceleration of the downdraft. Srivastava (1985) pointed out that as long asa
near dry adiabatic lapse rate exists in the subcloud region, acceleration due to evaporation will
occur for any rainwater mixing ratio. He further points out that the more stable the subcloud
region, the more water is required to drive the downdraft. Both storms had near dry adiabatic
lapse rates, while the August 28 storm was somewhat more stable, thus requiring more water to
drive the downdraft. A reflectivity notch was associated with the August 28 storm and appears to

“be a direct result of vertical pressure gradients generated by misoscale rotation. This rotation
appears to be the instigating factor for this microburst while the May 14 microburst appears to
have been initiated by precipitation loading.

Both storms exhibited descending reflectivity cores, which began their descent near T-3,
as expected in the moderate reflectivity model. Convergence appeared much longer in the
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May 14 storm than in the other, and appeared to play a major role in the evaporation process by
supplying dry environmental air to the reflectivity core area. Neither storm followed the timing
of the convergence feature in the moderate reflectivity model very closely, but convergence did
appear by T-5 in both storms, in accordance with the model. Rotation appeared in both storms,
and for the most part the timing of this precursor was generally followed by both microbursts.
Once the microburst outflow began, both storms had the reflectivity core collocated with the
outflow, as predicted by the model.

Upper-level divergence was found to be a good predictor of the timing of the peak winds
in the August 28 microburst. Isaminger (1988) noted that the strengthening of upper-level
divergence occurs near the time of the peak winds, which was nearly duplicated by the August 28
microburst. However, in the case of the May 14 microburst, upper-level divergence seemed to
dissipate after the microburst formed and was nearly gone by the time of the peak winds, but an
interesting point is that the upper-level divergence did reach a maximum near the time of the
initial outflow. Rotation was found to reach a relative maximum near the time of the peak winds
in the Aungust 28 and the May 14 microburst, a fact which has been noted previously in Alabama
microbursts (Isaminger, 1988).

Asymmetry of the outflow was noted in the May 14 microburst with a ratio of the winds
observed by the FL-2 radar to the UND radar being 3:1. Asymmetry such as this can cause
microbursts to go undetected in a single-Doppler microburst detection system, and is one of the
chief arguments for a multiple radar system. Asymmetry of microburst outflows has been noted
at every location that the event has been studied. In the May 14 case, it was shown that the
asymmetrical outflow may have been a result of the internal core structure, which matched the
asymmetrical pattern on the surface. Asymmetry cannot be accurately determined for multi-
cellular storms with multiple outflows since combinations of the outflow create the appearance
of asymmetry despite the fact that each individual outflow may have been perfectly symmetrical.

Despite a few departures from the standard process of microburst formation as outlined
in the moderate reflectivity model, the two microbursts appear to be within the set of average
microburst events, just of a lesser reflectivity class. Despite these lesser reflectivities and the fact
that the microburst recognition algorithm is geared to the high reflectivity model, these
microbursts were successfully detected by the algorithm throughout the lifetime of the event,
excepting the fact that the algorithm had difficultly recognizing the reflectivity cores. Once
improvements are made to the algorithm to include the moderate reflectivity event and improve
the detection and proper placement of precursors, moderate reflectivity microburst events in the
Kansas City region will be more successfully detected.
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